ABSTRACT Developmentally programmed cell death occurs in several regions of the chick wing bud. We have studied the nature and control of this cell death in vitro in tissues from two of these regions, the posterior necrotic zone (PNZ) and the opaque patch (OP). When tissue from these regions is excised prior to normal cell death and placed into organ culture, cell death ensues. Under these conditions, cell death in tissue from both of these regions is inhibited by fibroblast growth factor-2 (FGF-2). The only other growth factor we have found to have this function is insulin-like growth factor-II. Cell death in tissue from the OP and PNZ occurs by apoptosis, as indicated by the internucleosomal degradation of DNA and the inhibition of cell death by cycloheximide, an inhibitor of protein synthesis. If cell death is inhibited by FGF-2 and then the growth factor is washed away, a compensatory burst of cell death occurs in the PNZ tissue but not the OP tissue. This finding may indicate that in the PNZ, a death program progresses in the face of FGF-2 inhibition, resulting in more cells on the brink of death when the growth factor is removed.
INTRODUCTION
In the embryo of many multicellular animals, localized cell death occurs at specific stages of development. This death is normal rather than pathological and is commonly referred to as developmentally programmed cell death. In several instances it has been shown to occur by "apoptosis", a cellular suicide mechanism that differs in several ways from "necrosis," which typically results from cellular injury (Wyllie, 1981) . The role of programmed cell death in development is generally thought to be morphogenetic (White, 1995) , although more work needs to be done on this and other possible roles. It is of critical importance to the embryo that cell death be carefully controlled, for if it fails to occur or if it occurs excessively, abnormal development can result. For this reason and because of the various important roles apoptosis plays in the well-being of the adult organism (Thompson, 1995) , the control of cell death has emerged as an important area of research (White, 1993) . Much of this work has focused on intracellular control mechanisms (Earnshaw, 1995) .
The work summarized here focuses on possible extracellular signals that may determine where and when cells die. Our studies have almost exclusively addressed the question of the control of programmed cell death in vitro. We have used an organ culture system that resembles in vivo conditions more closely than cells in suspension or monolayer, while retaining the advantages of working with the culture environment. The control of cell death has been examined using chick limb mesoderm from two areas normally programmed to die, the posterior necrotic zone (PNZ) along the position border of the wing and the opaque patch (OP) in the center of the wing. Both of these, in addition to the anterior necrotic zone (ANZ), begin undergoing cell death during the early stages (Stage 23 to 24, Hamburger and Hamilton, 1951) of limb development. The morphology of this cellular death resembles that of apoptosis rather than necrosis (in spite of the name, posterior "necrotic" zone). Excising mesoderm from these regions of the wing shortly before they're destined to die and placing them in organ culture results in cell death occurring in vitro (Fallon and Saunders, 1968; MacCabe and Brewton, 1984; MacCabe et al., 1991) . Limb outgrowth is induced by a region of ectoderm at the growing tip of the bud termed the apical ectodermal ridge (AER) (Saunders, 1948; Summerbell, 1974) . The surgical removal of the ridge not only results in the inhibition of further limb outgrowth, but in the death of many underlying apical mesoderm cells (Cairns, 1975; Rowe et al., 1982) . These cells also undergo cell death in vitro in the absence, but not the presence, of the apical ridge. We will review here evidence that the in vitro cell death of the PNZ and, OP can be controlled by specific peptide growth factors and look at the possibility that similar mechanisms could be involved in the control of cell death in vivo.
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MATERIALS AND METHODS
Fertile eggs from White Leghorn chickens were used throughout these experiments. They were obtained from the University of Tennessee Department of Animal Science and stored for up to 1 wk at 12 to 14 C. The eggs were incubated for 3 d at 37.5 C and 55 to 60% relative humidity, a window cut in the shell, and then incubated further until the embryos reached Stage 21. At this time, tissues from the prospective PNZ and OP ( Figure 1 ) were excised with a tungsten needle and kept on ice in phosphate-buffered saline until placed into organ culture. The tissues were cultured in 200 mL of minimal essential medium with 10% calf serum in 6-mm diameter culture wells and incubated at 37.5 C in an atmosphere of 5% CO 2 -95% air. Each culture consisted of six tissues from six animals and each experiment was repeated at least five times. Control cultures (without growth factor) consisted of tissue from the contralateral limbs of the same embryos to eliminate genetic variability.
Cell death was quantified using the chromium release assay. Tissues were incubated in 1 part NA 51 CrO 3 (1 M Ci/mL, 2.5 mg NA 51 CrO 4 /mL) to 10 parts medium for 6 h. The tissues were then rinsed with six changes of 200 mL of medium without chromium and then allowed to incubate an additional 15 h for chromium release. Living cells release chromium to the medium very slowly, whereas cells that die release all of their chromium. Greater chromium release thus represents greater cell death. Growth factors were added after the rinse to a concentration of 100 ng/mL. In some cases, the timing of the culture periods was altered as explained in the results. At the end of the 15-h chromium release period, the medium was removed and counted by liquid scintillation. The cells were then lysed in 200 mL of 1% detergent, the lysate counted, and the percentage chromium release was calculated. The students twotailed t test was used to test for significant differences between control and experimental cultures.
For histological examination, tissues were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 1 h and rinsed twice for 15 min and then overnight in 1.0 M phosphate buffer. The tissue was postfixed for 1 h in 0.1 M phosphate-buffered 2% osmium tetroxide, pH 7.2. Samples were dehydrated by incubation for 5 min each in 50, 70, and 95% ethanol, and then three times for 5 min each in 100% ethanol. The tissue was then treated to two 15-min changes in propylene oxide followed with an overnight infiltration in a 1:1 propylene oxide-epon mixture. They were then embedded in EMbed 812 1 and placed in a 60 C oven overnight. The tissues were sectioned with an ultramurotone and poststained in uranyl acetate with 50% ethanol for 30 min and then 0.3% lead citrate (pH 12.0) for 2 min. The sections were examined on a Hitachi H-600 transmission electron microscope.
RESULTS
We have examined the effects of a number of growth factors [fibroblast growth factor-2 (FGF-2); epidermal growth factor (EGF); transforming growth factor-b (TGF-b); platelet-derived growth factor (PDGF); insulin-FIGURE 2. Chromium release (cell death) in posterior necrotic zone (PNZ) tissue during two 7.5-h time periods. Cell death is inhibited by fibroblast growth factor-2 (FGF-2) during the first 7.5 h (first column). The FGF-2 is then removed and a compensatory burst of cell death occurs during the second 7.5-h time period (second column). FIGURE 3. Chromium release (cell death) in opaque patch tissue during two 7.5-h time periods. Cell death is inhibited by fibroblast growth factor-2 (FGF-2) during the first 7.5 h (first column). The FGF-2 is then removed and cell death returns to control levels during the second 7.5-h time period (second column).
like growth factor-II (IGF-II); and tumor necrosis factora, (TNF-a)] on in vitro cell death in tissue from the PNZ. Of these, only FGF-2 and IGF-II have any effect on cell death (Table 1) . Only a slight inhibitory effect on cell death was observed with IGF-II, whereas FGF-2 seems to almost completely inhibit programmed cell death in PNZ. We have thus used FGF-2 to further explore the nature of growth factor inhibition of cell death in limb mesoderm. The inhibition of cell death for a short period, (7.5 h) followed by removal of the growth factor, reveals some interesting differences between the control of cell death in the PNZ and OP.
The removal of exogenous FGF-2 from the PNZ after 7.5 h results in a subsequent burst of cell death above control levels (Figure 2 ). The OP, on the other hand, gives no such compensatory burst of death after FGF-2 removal (Figure 3 ). These differing results may reflect a difference in the way cell death is controlled in these two tissues in vitro.
In spite of these differences, both tissues appear to die by apoptosis rather than necrosis. The morphology of the death process in characteristic of apoptosis, with cells blebbing to give apoptotic vesicles that are engulfed by neighboring phagocytic cells (Figure 4a ). In addition, this death can be inhibited by cycloheximide, an inhibitor of protein synthesis (Figure 4b and Noveroske and MacCabe, unpublished data) . This result is a common characteristic of programmed cell death (Schwartzman and Cidlowski, 1993) .
DISCUSSION
When tissue from the prospective PNZ and OP, two areas of developmentally programmed cell death in the wing bud, are explanted to organ culture, many of the cells die. This death is classical apoptosis as indicated by morphology (Figure 3a) , its inhibition by cycloheximide (Figure 3b) , and the degradation of DNA into nucleosome-sized pieces (Noveroske and MacCabe, 1995) . Fibroblast growth factor-2 rescues these cells from death.
A wide variety of studies show a role for peptide growth factors in maintaining cell viability (Morrison et al., 1986; Walicke et al., 1986; Schubert et al., 1987; Unisicker et al., 1987; Anderson et al., 1988; Ferrari et al., 1989; Kalcheim, 1989; Shiba et al., 1989; Hory-Lee et al., 1993; Tcheng et al., 1994) A number of peptide growth factors have been found in or affecting the developing limb, including members of the FGF family (Aono and Ide, 1988; Munaim et al., 1988; Seed et al., 1988; Smith and McLachlan, 1989; Niswander and Martin, 1992; Niswander et al., 1993; Savage et al., 1993; Taylor et al., 1994) , PDGF (Chen et al., 1992; Potts and Carrington, 1993) , IGF-I and -II (Boutin and Fallon, 1984; Geduspan, et al., 1992; Geduspan and Solursh, 1993) , TNF-a (Wride et al., 1994) , hemopoetic growth factor-a (HGF-a) (Myokai et al., 1995) , TGF-b (Carrington and Reddi, 1990; Macias et al., 1993) , and osteogenin (Carrington et al., 1991) . We have examined the effects of several of these growth factors on in vitro cell death in limb mesoderm. Only FGF-2 and IGF-II have any effect on cell death in the PNZ. Both inhibit death, with FGF-2 being the more effective. We have thus used the FGF-2 inhibition of cell death to study the control of cell death in limb mesoderm cells.
Inhibition of cell death with FGF-2, followed by removal of the growth factor reveals some interesting differences between the PNZ and OP. Removal of exogenous FGF from the PNZ results in a burst of cell death to a level considerably above control cultures without FGF (Figure 1 ) (Noveroske and MacCabe, unpublished data) . It is as if the tissue, once released from FGF inhibition, makes up for the delay with a compensatory burst of cell death after FGF is removed from the medium. On the other hand, the OP gives no such compensatory burst of cell death after FGF removal. These differing results may reflect a difference in the way cell death is controlled in these two tissues in vitro. The compensatory death in PNZ cells suggests that a cell death program continues to progress, even while death is inhibited by FGF. Thus, once release from FGF inhibition, more cells are on the brink of death. On the other hand, the cells of the OP die at the same rate as controls after removal of FGF, suggesting this in vitro death is due only to FGF deprivation. It is not clear whether the OP in vitro death is the same as that which occurs in vivo, because surrounding mesoderm dies in vitro at almost the same rate in the absence of added FGF (Orstadt and MacCabe, unpublished data).
A question of interest is whether a decline in growth factor levels triggers programmed cell death in the limb. We have shown that mesoderm cells from the limb are sensitive to growth factor deprivation in vitro and respond by undergoing considerable apoptosis. Apical mesoderm also dies in culture, but only when deprived of its apical ectodermal ridge, a source of FGF (MacCabe, 1993) In the early stages of limb development, the ectodermal ridge runs along the entire periphery of the wing bud (Todt and Fallon, 1984) . Just prior to the onset of cell death in the PNZ and ANZ, distal growth causes anterior and posterior ridgeless regions at the base of the limb bud and it is here the cell death occurs in PNZ and ANZ. Thus, it is tempting to speculate that cell death in these regions are triggered, or at least permitted, by the resulting decline in FGF levels from the ridge. If this is the case, one might expect that early removal of the ridge over the PNZ in vivo would result in early cell death. However just the opposite occurs, cell death is inhibited (Brewton and MacCabe, 1988 ). This effect is not specific for ridge ectoderm, for if nonridge ectoderm overlying the prospective PNZ is removed, cell death is also inhibited. The inhibition of cell death by ectoderm removal has also been shown in the interdigital necrotic zones at later stages of development (Hurle and Ganan, 1986) . It is not clear why ectoderm removal inhibits cell death. It could be related to release of growth factors that frequently accompanies wounding (Hunt, 1991) .
It is clear from a variety of experiments that many chick limb mesoderm cells require specific growth factors to block apoptosis in vitro and in some situations in vivo (apical mesoderm). We have suggested that a local decrease in growth factor levels, as the growing limb moves the ridge distally, may be involved in the control of cell death in the PNZ and ANZ. However, the compensatory burst of cell death that occurs in vitro in the PNZ when FGF is removed during the period of death suggests death programs within the cells are still progressing even in the presence of FGF inhibition. A decline in growth factor levels, possibly FGF-2 (Savage et al., 1993; Dono and Zeller, 1994; Savage and Fallon, 1995) , FGF-4 (Niswander and Martin, 1992) , or FGF 8 (Heikinheimo et al., 1994; Crossley and Martin, 1995) , thus may permit another cell death pathway to proceed to completion.
